Shedding of intercellular adhesion molecule 1 (ICAM-1) is believed to play a role in tumor cell resistance to cellmediated cytotoxicity. However, the mechanism whereby ICAM-1 is shed from the surface of tumor cells remains unclear. In this study, we have addressed the possibility that matrix metalloproteinases are implicated in ICAM-1 shedding. Our observations suggest a functional relationship between ICAM-1 and matrix metalloproteinase 9 (MMP-9) whereby ICAM-1 provides a cell surface docking mechanism for proMMP-9, which, upon activation, proteolytically cleaves the extracellular domain of ICAM-1 leading to its release from the cell surface. MMP-9-dependent shedding of ICAM-1 is found to augment tumor cell resistance to natural killer (NK) cell-mediated cytotoxicity. Taken together, our observations propose a mechanism for ICAM-1 shedding from the cell surface and provide support for MMP involvement in tumor cell evasion of immune surveillance.
Introduction
Cell -cell adhesion is a dynamic process mediated by several classes of adhesion receptors, including lectins, immunoglobulin superfamily members, integrins, cadherins and a variety of proteoglycans (Hynes and Lander, 1992) . Physiological cell -cell interactions are tightly regulated, such that events which promote adhesion are counter balanced by those that underlie release. Migration, invasion and interactions between antigen presenting cells (APCs) and effector cells of the immune system are all examples of events where adhesion is followed by detachment once appropriate signal exchange among the interacting cells or between migrating cells and host tissue stroma has occurred. However, the molecular events that signal the cessation of adhesion and the mechanisms that underlie cell detachment from each other or from the extracellular matrix (ECM) are still poorly understood.
There is increasing evidence to suggest that shedding of cell surface receptors as a result of proteolytic cleavage of a portion of their extracellular domain plays an important role in regulating their function (Peschon et al., 1998) . By the same token, shedding from the cell surface may provide a regulatory mechanism for the function of adhesion receptors that helps terminate cell -cell and cell-ECM interactions (Hafezi-Moghadam et al., 2001) . Such a mechanism seems plausible because it relies on the function of specific proteases whose activity may be regulated according to the physiological requirements of the adhesive process itself and the function it fulfills. Protease activation and substrate cleavage can occur more rapidly than down regulation of cell surface receptor expression, providing a potentially tighter control over specific adhesion events.
Recent work suggests that two subclasses of the metzincin protease family, matrix metalloproteinases (MMPs) and their close relatives a disintegrin and metalloproteinase (ADAMs), are implicated in the shedding of cell surface receptors (Werb, 1997) . MMPs are zinc atom dependent endopeptidases that have been proposed to play a primary role in the degradation of extracellular matrix (ECM) proteins. There are currently 28 MMPs, which can be subdivided into two distinct structural categories: secreted MMPs and membrane bound MMPs, also known as MT-MMPs, which contain a transmembrane and intracellular domain (Kleiner and Stetler-Stevenson, 1999; Nagase and Woessner, 1999; Stamenkovic, 2000) . Both secreted and membrane-bound MMPs are expressed in an inactive zymogen form and require proteolytic removal of a portion of their N-terminal domain in order to become activated. The combined proteolytic action of known MMPs is believed to have the ability to degrade all of the ECM proteins. More recent evidence suggests that MMPs also cleave growth factor precursors (Bergers and Coussens, 2000) and a variety of cell surface molecules, including adhesion receptors, thereby regulating growth factor and cytokine activity as well as cellular interactions with adjacent cells and the ECM. Specifically, MMP-3 has been observed to cleave E-cadherin (Perl et al., 1998) , and metalloproteinase activity has been implicated in the shedding of L-selectin (Gu et al., 1998; Zhao et al., 2001 ) and the hyaluronan proteoglycan receptor CD44 (Okamoto et al., 1999) .
Inter-cellular adhesion molecule 1 (ICAM-1) is implicated in a broad range of transient cellular interactions, which regulate leukocyte homing, activation and effector functions (Springer, 1990 (Springer, , 1994 . Thus, the interaction between ICAM-1 and its physiological ligand LFA-1 is implicated in leukocyte arrest on endothelial cells, stabilization of cognate interactions between antigen presenting cells and T lymphocytes and adhesion of cytotoxic T cells and natural killer (NK) cells to target cells (Springer, 1994) . Each of these interactions is followed by detachment of the adhering cells, suggesting the existence of mechanisms that signal their termination. Similar to their normal hematopoietic and epithelial counterparts, leukemic cells and carcinomas express ICAM-1, which may be predicted to facilitate targeting by cytotoxic cells. However, ICAM-1 is shed from the surface of tumor cells, and serum levels of soluble ICAM-1 have even been proposed to provide an indicator of tumor burden (Grothey et al., 1998; Harning et al., 1991; Pizzolo et al., 1993) . More to the point, shedding of ICAM-1 has been observed to inhibit cell mediated cytotoxicity and provide primary tumor cells as well as tumor cell lines with a mechanism of defense against cytolytic T cells and NK cells (Altomonte et al., 1993; Becker and Brocker, 1995; Becker et al., 1991; Fonsatti et al., 1997; Sanchez-Rovira et al., 1998) . Recently, ICAM-1 release from the cell surface has been attributed to MMP activity (Lyons and Benveniste, 1998) .
Stimulation of ICAM-1 by its physiological ligand LFA-1 has been observed to induce expression of MMP-9/gelatinase B (Aoudjit et al., 1998) . We therefore addressed the possibility that ICAM-1 and MMP-9 might have a functional relationship on the cell surface and that MMP-9 might be responsible for ICAM-1 release. Our observations indicate that MMP-9/gelatinase B proteolytically cleaves ICAM-1 within a membrane-proximal region of the extracellular domain and participates in tumor cell resistance to NK cellmediated cytotoxicity.
Results
Interaction between ICAM-1 and MMP-9 and MMP-9 activity in HL-60 cells Because ICAM-1 engagement by ligand or antibody stimulates MMP-9 expression (Aoudjit et al., 1998) , we reasoned that MMP-9 might provide a candidate protease for the proteolytic cleavage and shedding of ICAM-1. MMP-9 is typically expressed at low levels or not at all in tumor cells, but its expression can be rapidly induced by a variety of cytokines (Huang et al., 1998; Ismair et al., 1998; Kondapaka et al., 1997) , phorbolester (Toth et al., 1997) and cell -cell interactions (Aoudjit et al., 1998) . Moreover, MMP-9 has been widely implicated in tumor invasion and metastasis (Bernhard et al., 1990 (Bernhard et al., , 1994 , and in the promotion of tumor cell survival (Yu and Stamenkovic, 1999; Yu and Stamenkovic, 2000) .
We began by addressing the relationship between ICAM-1 and MMP-9 in human promyelocytic leukemia HL-60 cells, in which ICAM-1 is constitutively expressed whereas MMP-9 expression is induced in response to phorbolester stimulation. Gelatin zymography of the conditioned culture media of unstimulated cells revealed a 72 kDa band, corresponding to MMP-2, and a weak 92 kDa band, consistent with pro-MMP-9 (Figure 1, lane a) . PMA stimulation of HL-60 cells resulted in a significant increase in pro-MMP-9 secretion, as well as the appearance of an 84 kDa band that corresponds to active MMP-9 (Figure 1, lane b (Mazzieri et al., 1997) ). In addition, pro-as well as active MMP-9 were detected in the crude membrane fraction of PMA-stimulated cells Figure 1 Expression of MMP-9 in HL-60 cells. Equal aliquots of HL-60 cells were seeded onto culture plates and incubated with 100 nM PMA in serum-free medium for 18 h. The supernatants were then removed, cells were counted in a hemocytometer and tested for viability by MTT assay analysis. The viability of untreated and PMA-treated cells was found to be comparable in three separate counts (92+3%). The amount of material from the conditioned culture media loaded per lane was normalized to the total number of cells at the end of the 18 h of incubation with or without PMA. The supernatant of unstimulated HL-60 cells reveals a gelatinolytic band of about 72 kDa (corresponding to MMP-2) and a weak band of about 92 kDa, corresponding to pro-MMP-9 (lane a). PMA stimulation causes a significant increase of pro-MMP-9 in the supernatant, along with the appearance of an 84 kDa species, corresponding to active MMP-9, whereas the amount of MMP-2 remains largely unchanged (lane b). In the crude membrane fraction of unstimulated HL-60 cells, no gelatinase activity is detected (lane c), but after PMA stimulation two bands are detected, corresponding to the pro-and active MMP-9 forms (lane d) (Figure 1, lane d) . None of the gelatinolytic bands was observed when the broad spectrum MMP inhibitor 1 -10 phenanthroline at a 5 mM concentration was added to the substrate buffer (data not shown).
Western blot (Figure 2a ) and gelatin zymography (Figure 2b ) analysis of anti-ICAM-1 antibody immunoprecipitates from lysates of HL-60 cells stimulated with PMA revealed the presence of a dominant 92 kDa species corresponding to pro-MMP-9 (Figure 2a,b, lane  b) , suggesting that the two molecules interact or form part of the same complex. Association of ICAM-1 and MMP-9 was found not to be limited to HL-60 cells because two molecules were observed to co-immunoprecipitate from the lysates of other cell types, including the immortalized breast epithelial cell line MCF10A and the colon carcinoma cell line SW620 (data not shown).
To determine whether ICAM-1 might provide a cell surface docking mechanism for MMP-9, we assessed cell surface localization of MMP-9 in HL-60 cells stably transfected with a cDNA encoding ICAM-1 in anti-sense orientation (Table 1 ). FACS analysis showed that independent isolates of HL-60 cells transfected with anti-sense ICAM-1 (AS-HL-60 cells) lacked cell surface ICAM-1 expression in the resting state and displayed a reduction of ICAM-1 expression after stimulation with PMA (Table 1) . Secretion of proMMP-9 into the cell culture medium by cells transfected with vector only and antisense ICAM-1 was comparable (Figure 3a) . In contrast, PMAstimulated AS-HL-60 cells showed a significant decrease in the intensity of 92, 84 and 79 kDa MMP-9 species in cell membrane extracts compared to HL-60 cells transfected with expression vector only, as assessed by gelatin zymogram analysis (Figure 3b ) and confirmed by FACS (data not shown). The gelatinolytic bands of 92, 84 and 79 kDa have been shown to correspond to pro-, active and deglycosylated MMP-9 species respectively (Mazzieri et al., 1997) . To address the functional effect of the reduced cell membrane localization of MMP-9 in the AS-HL-60 cells, a cell-mediated collagen degradation assay was performed, in which release into the cell culture medium of 3 H-labeled type IV human collagen embedded in Matrigel and incubated with vector only and antisense ICAM-1 transfectants was compared. Phorbolester stimulation of HL-60 cells transfected with vector only increased their ability to degrade the radiolabeled type IV collagen, and the degradation was partially blocked by an MMP blocking peptide and a blocking anti-MMP-9 antibody (Figure 4a ), but not by an MMP-3 blocking peptide. In contrast, the supernatant of HL-60 cells stimulated with PMA did not augment the degradation of collagen compared to that of unstimulated cells (Figure 4b ). These observations suggest that the collagen degradation is predominantly due to the proteolytic activity of MMP-9 localized to the cell membrane. AS-HL-60 cells displayed a significant reduction in their ability to degrade type IV collagen (Figure 4c ), suggesting that ICAM-1 may play an important role in regulating cell surface MMP-9 localization and activity in HL-60 cells.
MMPs are involved in the shedding of ICAM-1 from HL-60 cells
Phorbolester mediated increase in ICAM-1 expression was observed to be associated with significant ICAM-1 shedding into the cell culture medium (Figure 5a ). Shedding of ICAM-1 was observed to be partially or completely blocked by MMP inhibitors (Figure 5b ). 1,10 phenanthroline, the cyclic peptide MMP-2/MMP-9 inhibitor III (Calbiochem) and a broad spectrum MMP inhibitor (Sigma) induced a significant reduction of the shedding (Figure 5b , lanes b, c and d), whereas a variety of non-MMP protease inhibitors had no detectable effect (data not shown). Because ICAM-1 and MMP-9 co-immunoprecipitate, and because the MMP-2/MMP-9 cyclic peptide inhibitor III had a strong inhibitory effect on ICAM-1 shedding, we tested the possibility that MMP-9 might be implicated in the proteolytic cleavage of cell surface ICAM-1 (mICAM-1).
In vitro cleavage of ICAM-1 by MMP-9
In vitro, purified, active MMP-9 did not cleave ICAM-1 immunoprecipitated from COS cells transfected with the ICAM-1 cDNA (data not shown). In contrast, when the active MMP-9 was added to a crude membrane preparation of COS cells transfected with the ICAM-1 cDNA, an increase in soluble ICAM-1 (sICAM-1) was detected by Western blot analysis of the supernatants after centrifugation of the membranes, as described in Materials and methods (Figure 6, lane b) . A cocktail of broad-spectrum protease inhibitors (mini EDTA-free tablets, Roche), excluding MMP inhibitors, had no effect on the release of sICAM-1 ( Figure 6 , lane c), whereas the broad spectrum MMP inhibitor 1 -10 phenanthroline abrogated the effect of MMP-9 ( Figure 6 , lane d). Because the size of the sICAM-1 of about 80 kDa suggests a cleavage site close to the transmembrane region, it is conceivable that solubilization and immunoprecipitation of ICAM-1 from COS cells resulted in a conformational change that prevented its cleavage in vitro. We therefore developed a soluble form of ICAM-1 composed of the entire extracellular domain tagged with the viral v5 peptide (sICAM-1v5). We also used a fusion protein composed of the extracellular domain of H-labeled type IV human collagen was embedded in Matrigel and used to coat cell culture inserts of double chamber cell culture plates. The lower chamber was filled with 500 ml of serum free RPMI containing the chemotactic factor MIP 1-a. Wild type HL-60, AS HL-60 cells or the conditioned culture media of wild type HL-60 cells were added to the upper chamber and the radioactivity released into the supernatant was measured. The results are expressed as mean+s.d. of triplicate values. (a) Wild type HL-60 cells show increased ability to degrade the radiolabeled type IV collagen after stimulation with PMA which is partially blocked by an MMP blocking peptide (MMPI) and an anti-MMP-9 antibody that blocks MMP-9 proteolytic activity (anti MMP-9 Ab). An inhibitor with high affinity for MMP-3 (MMP-3I) was less effective. (b) The supernatants of PMA-stimulated HL-60 cells do not increase the degradation of collagen compared to those of unstimulated cells. (c) Two independent isolates of AS-HL-60 (AS32 and AS49) cells show a significant reduction in their ability to degrade the type IV collagen compared to the wild type (vector only-transfected) cells. Variations in maximal counts between a and c are due to variations in matrigel coating efficiency of inserts ICAM-1 and the constant region of human IgG1 (ICAMRg, (Aruffo et al., 1990) ). Serum free conditioned culture media from COS cells transiently transfected with sICAM-1v5 were collected and incubated with purified, active MMP-9, MMP-3 and MMP-1. Only when sICAM-1v5 was incubated with MMP-9, did the anti-v5 mAb fail to recognize the fusion protein (Figure 7b, lane b) . The other MMPs tested had no effect, suggesting that the cleavage of ICAM-1 was specific to MMP-9. Furthermore, when sICAM-1v5 was incubated with MMP-9 and 1 -10 phenanthroline, cleavage was completely inhibited (Figure 7b , lane e). Earlier work has shown that MMP-9 does not cleave the v5 peptide (Yu and Stamenkovic, 2000) , suggesting that the loss of antibody reactivity is most likely due to the cleavage of ICAM-1 at a site close to that of the fusion itself. To provide further support for this observation, COS cells were transiently transfected with a cDNA encoding the ICAMRg fusion or a cDNA encoding the CD5Rg fusion protein (Aruffo et al., 1990 ) as a control. Conditioned culture media were collected 72 h later and incubated with p-aminophenylmercuric acid (APMA)-activated MMP-9, MMP-3 and MMP-1 in the appropriate reaction buffer. Only in the presence of active MMP-9 did ICAMRg undergo proteolytic cleavage, as shown by the presence of 110 and 55 kDa bands that correspond to dimeric and monomeric cleaved ICAM-1-Ig moieties (Figure 7b, lane b) . The other MMPs had no effect and CD5Rg was not cleaved by MMP-9, providing support to the notion that the proteolytic cleavage site of ICAMRg was not in the IgG portion of the protein.
In a recent study, a consensus MMP-9 cleavage site has been proposed to consist of the P-X-X-Hy-T motif, where X can be any and Hy a hydrophobic residue (Kridel et al., 2001) . A sequence consistent with this motif, P-G-N-W-T, is present in the membrane proximal portion of the extracellular domain of ICAM-1 (Figure 8a ). To determine whether this sequence may indeed provide the putative proteolytic cleavage site in MMP-9-mediated ICAM-1 shedding, we substituted the proline in position 404 with glutamic acid (P404E). When COS cells were co-transfected with the wild type or v5-tagged cell surface ICAM-1 and MMP-9, sICAM-1 was detected in the culture supernatant ( Figure 8b, lanes d and f) . In contrast, when the P404E mutated ICAM-1 was co-transfected with MMP-9, no ICAM-1 shedding was detected ( Figure  8b 7 cells were incubated with or without 100 nM PMA for 18 h and the supernatant (20 ml) was concentrated 100-fold and analysed by Western blot using an anti-ICAM-1 Ab. Soluble ICAM-1 is observed only after PMA stimulation. (b) HL-60 cells were incubated with PMA 100 nM and different MMP inhibitors and the supernatants were analysed as described above. Cell cultures contained: lanes a: no inhibitor; lanes b: 1 -10 phenanthroline 10 mM; lanes c: MMP-2/MMP-9 inhibitor III (Calbiochem) 100 mM; lanes d: MMP inhibitor 2S,3R-3-amino-2-hydroxy-4-(4-nitrophenyl)butanoyl-L-leucine (Sigma). The experiment was done in duplicate. Molecular weight markers are indicated on the left Figure 6 Shedding of ICAM-1 in transfected COS cells. COS cells were transfected with ICAM-1 and the crude membrane fraction of the transfected cells was incubated with or without purified, APMA activated MMP-9 in the presence or absence of protease inhibitors. ICAM-1 shedding was assessed by Western blot analysis of the supernatants after centrifugation of the membranes, as described in Materials and methods. Membrane fractions were incubated with: lane a, medium alone; lane b, 10 mg/ ml MMP-9; lane c, 10 mg/ml MMP-9 and a cocktail of protease inhibitors exclusive of any MMP inhibitor; lane d, 10 mg/ml MMP-9 and 1 -10 phenanthroline 1 mM. Molecular weight markers are indicated on the left MMP-9 and proteolytic cleavage of ICAM-1 E Fiore et al 8b, lanes a -c). The P404E mutation had no effect on ICAM-1 cell surface expression (data not shown).
ICAM-1 shedding in MDA-MB435 cells transfected with MMP-9 is associated with resistance to NK cell-mediated cytotoxicity Several studies have shown that sICAM-1 released in the culture medium by cell lines can inhibit the cytotoxic effect of NK and LAK cells (Altomonte et al., 1993; Becker and Brocker, 1995; Becker et al., 1991; Fonsatti et al., 1997; Sanchez-Rovira et al., 1998) . To address the effect of MMP-9 in promoting tumor cell resistance to NK-mediated cytotoxicity, we selected the breast cancer cell line MDA-MB435, which expresses mICAM-1, but no MMP-9 and no detectable sICAM-1 in cell culture supernatants. MDA-MB435 cells were stably transfected with cDNAs encoding the human MMP-9 and an MMP-9/CD44 fusion protein in which the whole coding region of MMP-9 has been fused in frame to sequences encoding the transmembrane and intracellular domains of CD44 (Yu and Stamenkovic, 2000) . Wild type cells did not express MMP-9 as detected by Western blot and gelatin zymogram analysis, whereas in the transfectants, soluble and fusion protein forms of MMP-9 were detected by both gelatin zymography (data not shown) and Western blot analysis (Figure 9a ). Comparable amounts of ICAM-1 were present in the lysates of wild type and transfectant MDA-MB435 cells (Figure 9b , lane d, e and f), but only the cells transfected with the soluble MMP-9 or the transmembrane fusion protein MMP-9/CD44 displayed detectable shedding of ICAM-1 (Figure 9b, lanes b and c) . ICAM-1 was not detected in the supernatants of wild type cells ( Figure  9b, lane a) .
The NK-92MI cells are able to induce lysis of a number of cell lines (Gong et al., 1994; Tam et al., 1999) and were tested for their ability to kill MDA-MB435 cells and the corresponding MMP-9 transfectants. In cytotoxicity assays, depending on the effector/ target cell ratio, 50 -75% of wt MDA-MB435 cells were lysed by the NK-92MI cells. At an effector/target ratio of 40 : 1, 65% specific lysis was observed ( Figure  10 ). The NK cell line was much less effective (10 -28% lysis depending on the level of expression MMP-9 and MMP-9/CD44) in killing MDA-MB435 cells transfected with the soluble MMP-9 or the MMP-9/CD44 fusion protein (Figure 10 and data not shown). To determine that the reduced sensitivity of MDA MB435 transfectant cells was due to MMP-9 activity, the transfectants were incubated with NK-92MI cells in the presence or absence of a variety of MMP inhibitors, including phenanthroline, a non-specific MMP inhibi- -h) , and 72 h following transfection, the serum-free supernatants were collected, incubated with purified, APMA activated MMPs as in a and analysed by Western blot using an anti-human IgG Ab. Samples were treated with: lanes a and e, nothing; lanes b and f, MMP-9 10 mg/ml; lanes c and g, MMP-3 10 mg/ml; lanes d and h, MMP-1 10 mg/ml. Molecular weight markers are shown on the left. Arrows indicate bands of about 110 and 55 kDa that correspond to dimers and monomers (gel electrophoresis was performed under non-reducing conditions) of ICAMRg cleavage products and d) , v5-tagged P404E ICAM-1 mutant (lanes b and e) or v5-tagged wild type ICAM-1 (lanes c and f), and ICAM-1 shedding was assessed by Western blot analysis of culture supernatants 72 h post-transfection, using an anti-ICAM-1 Ab. Without MMP-9 co-transfection, no sICAM was detected in the culture supernatants (lanes a -c). When MMP-9 cDNA was cotransfected with the ICAM-1 cDNAs, sICAM-1 was detected in the culture supernatants of cells transfected with wild type ICAM-1, with and without the v5 tag (lanes d and f). When MMP-9 cDNA was co-transfected with the P404E ICAM-1 mutant cDNA, no shedding of ICAM-1 was detected (lane e). Expression of wt and mutant ICAM-1 was comparable, as assessed by Western blot analysis (data not shown) tor peptide GM6001 and its scrambled control derivative (Calbiochem), and the more selective MMP2/MMP-9 cyclic inhibitor peptide III (Calbiochem). Inhibition of MMP activity augmented the NKmediated cytotoxicity to levels comparable to that observed in wt MDA-MB435 cells (Figure 10 ). None of these inhibitors altered the NK-mediated cytotoxicity of wt (vector only-transfected) MDA-MB435 cells (data not shown). Addition of soluble ICAM-Rg reduced NK-mediated cytotoxicity of the MMP-9 transfectants a little further, whereas CD5-Rg had no effect. Vector-only transfected MDA-MB435 cells displayed strongly reduced sensitivity to NK-mediated killing in the presence of soluble ICAM-Rg but not in the presence of soluble CD5-Rg (Figure 10 ). The observation that ICAM-1Rg induced somewhat greater resistance to NK-mediated killing in MDA-MB435 cells than did expression of MMP-9 in the transfectants used may be due to the relatively high concentration (10 mg/ml) of soluble ICAM-1 administered.
Discussion
Based on the observation that stimulation of ICAM-1 induces MMP-9 expression (Aoudjit et al., 1998) , we investigated the functional relationship between ICAM-1 and MMP-9 and found that ICAM-1 can provide a cell surface docking mechanism for MMP-9 whereas proteolytically active MMP-9 cleaves ICAM-1 and augments tumor cell resistance to NK-mediated cytotoxicity.
The observation that ICAM-1 and MMP-9 coimmunoprecipitate does not in and of itself provide evidence that the two molecules interact on the cell surface. It is conceivable, for example, that another cell surface molecule recruits ICAM-1 and MMP-9 into the same complex, and that anti-ICAM-1 antibody immunoprecipitates contain the entire complex or a portion thereof, MMP-9 being but one component. However, it seems clear that expression of ICAM-1 plays a role in cell surface localization of MMP-9. Reduction of cell surface ICAM-1 expression in HL-60 cells by transfection of ICAM-1 cDNA in antisense orientation resulted in a parallel reduction in cell 7 cells were incubated in serum free medium for 18 h and the supernatant (20 ml) was concentrated 100-fold and analysed by Western blot with an anti-ICAM-1 Ab. The corresponding cells were lysed and equal amounts of lysatederived protein were subjected to SDS -PAGE, transfer onto nitrocellulose filters and Western blot analysis using anti-ICAM-1 Ab. Supernatants (lanes a -c) and corresponding lysates (lanes e -g) were from: lanes a and e, wt MDA-MB435 cells; lanes b and f, soluble MMP-9 transfectants; lanes c and g, MMP-9/ CD44 fusion transfectants. Comparable amounts of ICAM-1 were present in the lysates of wild type and MMP-9 transfected MDA-MB435 cells, but significant ICAM-1 shedding was detected in the supernatants of MMP-9 transfectants only and not in those of wild type cells surface MMP-9 localization, as assessed by membrane extract gelatin zymography, whereas MMP-9 release into the cell culture supernatant remained unaltered. Moreover, collagen IV degradation by antisense ICAM-1 transfectants was decreased, as might be expected from the reduction of the amount of MMP-9 retained on the cell surface. Since ICAM-1 is not known to mediate cell attachment to collagen IV, a plausible explanation is that ICAM-1 either directly interacts with MMP-9 or provides a key stabilizing component of the putative cell surface complex. It is noteworthy that most of the MMP-9 that coimmunoprecipitates with ICAM-1 appears to be in the 92 kDa proenzyme form, even though gelatin zymograms of crude membrane extracts contain both pro-and active MMP-9 species. This observation suggests that ICAM-1 may serve to recruit pro-MMP-9 to the cell surface, rendering it available for activation by other proteases whenever its function is required to fulfill the physiological demands. Consistent with this view, recent evidence suggests that activation of proMMP-9 by components of the urokinase-plasmin system, believed to provide a physiological activation mechanism for several MMPs, requires that the reactants be localized to the cell surface (Mazzieri et al., 1997) . Proteolytic cleavage of ICAM-1 by active MMP-9 may explain why little or no processed 84 kDa MMP-9 is found in the anti-ICAM antibody immunoprecipitates.
We and others (Mazzieri et al., 1997; Toth et al., 1997; Yu and Stamenkovic, 2000) have proposed that the proteolytic activity of MMP-9 is most effective when MMP-9 is localized to the cell surface. Cell surface localization of proteolytic activity has been observed for a variety of secreted MMPs other than MMP-9, including MMP-1 (Guo et al., 2000) , MMP-2 (Brooks et al., 1996) and MMP-7 (Yu and Woessner, 2000) . Moreover, cell surface localization of MT1-and MT2-MMPs which contain a transmembrane domain, has been found to be essential for the ability of the enzymes to promote cell-mediated ECM degradation (Hotary et al., 2000) . There is evidence that the cell surface may provide a privileged microenvironment for the preservation of MMP-9 activity from natural inhibitors, including the tissue inhibitors of metalloproteinases (TIMPs) that are believed to rapidly block the activity of soluble MMPs (Toth et al., 1997; Stamenkovic, 1999, 2000) . The mechanisms that underlie MMP-9 localization to the cell surface remain to be fully elucidated. However, there are thus far at least three candidate molecules that may provide cell surface docking sites for MMP-9, a collagen IV chain (Olson et al., 1998) , the hyaluronan receptor CD44 Stamenkovic, 1999, 2000) and ICAM-1 (present study). CD44-mediated cell surface localization of MMP-9 is restricted to keratinocytes and some carcinomas, suggesting that post-translational modifications of the highly polymorphic CD44 molecule may be key. We have found here that ICAM-1 and MMP-9 co-immunoprecipitate from the lysates of hematopoietic tumors a well as immortalized epithelial cells and carcinomas suggesting a potentially broader association.
However, the domains and putative corresponding modifications of both ICAM-1 and MMP-9 that are required for the interaction or complex formation remain to be defined.
The second major observation of the present work is that MMP-9 proteolytically cleaves ICAM-1. Shedding alone of ICAM-1 from the cell surface upon expression of MMP-9 does not provide evidence that MMP-9 is directly implicated in the proteolytic cleavage. MMP-9 could conceivably play an indirect role by activating another protease that is responsible for ICAM-1 shedding. However, the observations that purified active MMP-9 cleaves soluble Ig-and v5-tagged ICAM-1 provide strong support to the notion that MMP-9 is directly responsible for the proteolytic cleavage of ICAM-1. The membrane proximal domain of ICAM-1 contains the P-G-N-W-T motif that is consistent with a recently identified consensus sequence for MMP-9 substrates (Kridel et al., 2001 ). Mutation of a single residue of this sequence, as well as its entire deletion (data not shown), resulted in the abrogation of MMP-9-mediated cleavage further supporting the view that ICAM-1 is an MMP-9 substrate. However, it remains to be clarified whether this sequence represents the cleavage site itself or whether it plays an essential role in maintaining the site in a conformation that is permissive for MMP-9-mediated cleavage. Although several MMPs used as controls failed to cleave ICAM-1, we cannot exclude the possibility that other metalloproteinases, including some of the ADAMs might share the ability of MMP-9 to cleave ICAM-1, given the substantial overlap in substrate specificity among metzincin family members (Bergers and Coussens, 2000; Birkedal-Hansen et al., 1993; Nagase and Woessner, 1999; Stamenkovic, 2000) .
The relationship between ICAM-1 and MMP-9 raises an interesting hypothetical regulatory mechanism for the function of both molecules. Ligand-mediated stimulation of ICAM-1 may help localize the MMP-9 precursor to the cell surface, which may then be poised for autoactivation or activation by other proteases (Mazzieri et al., 1997) . Following activation, at a moment specified by signals derived from cell-cell interactions, MMP-9 may cleave ICAM-1 providing a termination signal to ICAM-mediated adhesion. By the same token, MMP-9 may limit its own activity by eliminating its cell surface docking receptor and cell membrane associated protection from the action of inhibitors.
A potentially important pathophysiological effect of MMP-9 expression in tumor cells is the augmentation of tumor cell resistance to cell-mediated cytotoxicity. Although we cannot exclude the possibility that MMP-9 proteolytically cleaves additional cell surface molecules that may play an important part in NK-target cells interaction, shedding of ICAM-1 provides a reasonable mechanism whereby MMP-9 protects tumor cells from NK cell-mediated death. ICAM-1 is expressed on the surface of a broad range of tumor types and its shedding has long been reported to confer partial protection to tumor cells from NK and cytotoxic T cell-mediated killing (18 -22) . Consistent with these observations, we have shown here that resistance of MDA-MD435 cells to NK cell-mediated cytotoxicity induced by MMP-9 expression and activity correlates with ICAM-1 shedding, and that soluble ICAM-1 Rg can strongly reduce MDA-MB435 cell sensitivity to NK-mediated killing. MMPs have been proposed to promote tumor invasion, survival and growth by a variety of mechanisms, including the degradation of ECM proteins (Kleiner and StetlerStevenson, 1999; Shapiro, 1998) , activation of latent growth factors (Bergers and Coussens, 2000) , inhibition of death receptor engagement by ligand (Mitsiades et al., 2000) and stimulation of angiogenesis (Vu et al., 1998) . The present observations provide evidence that MMPs may also play a role in tumor evasion of immune surveillance.
Materials and methods

Cells and reagents
All cell lines were obtained from American Type Culture Collection (ATCC, Rockville, MD, USA). HL-60 cells were cultured in RPMI with 10% FBS (both from GIBCO-BRL, Gaithersburg, MD, USA). MDA-MB435 breast cancer cells were grown in DMEM with 10% FBS. MCF-10A cells were grown in DMEM/F12 medium (1 : 1) supplemented with 5% horse serum, 10 mg/ml insulin, and 20 ng/ml epidermal growth factor (all from GIBCO-BRL) and 0.5 mg/ml hydrocortisone (Sigma St Luis, MO, USA). NK-92MI cells were cultured in DMEM/F12 medium supplemented with 12.5% FBS and 12.5% horse serum. Phorbol 12-Myristate 13-acetate (PMA), the MMPs inhibitor, 1,10 phenanthroline and the inhibitor peptide (2S,3R)-3-amino-2-hydroxy-4-(4-nitrophenyl)butanoyl-L-leucine were from Sigma. MMP inhibitor I, MMP-2/MMP-9 inhibitor III, MMP-3 inhibitor I, GM6001 and GM6001 Negative Control were from Calbiochem (San Diego, CA, USA). Anti MMP-9 antibody with MMP blocking activity was from NeoMarkers (Fremont, CA, USA).
Cloning of MMP-9 and ICAM-1 genes
Human MMP-9 cDNA was cloned by RT -PCR from HL-60 cells incubated with PMA 100 nM for 18 h. Total RNA was isolated from the cells using the TRIzol reagent (GIBCO-BRL) according to the manufacturer's instruction and cDNA was synthesized from 5 mg of total RNA using Superscript II Rnase H-reverse transcriptase (GIBCO-BRL). PCR was performed using synthetic oligonucleotide primers complementary to the sequences 5' and 3' of the coding region of the MMP-9 gene and designed to include a KpnI site at the 5' and an EcoRV site at the 3' end. Primer sequences were: forward primer 5'-CAC GAT GGT ACC ATG AGC CTC TGG CAG CCC CTG GTC-3'; reverse primer 5'-CAC GAC GAT ATC GTC CTC AGG GCA CTG CAG GAT GTC-3'. PCR conditions, using Taq DNA polymerase (Fisher Scientific, Pittsburgh, PA, USA) were: 948C/30 s, 578C/30 s and 728C/60 s for 30 cycles. The PCR product was digested with KpnI and EcoRV (Promega, Madison, WI, USA) and inserted into the pcDNA6/v5/His (Invitrogen Corp., Carlsbad, CA, USA) expression vector digested with the same enzymes. To develop the MMP-9/CD44 fusion, sequences encoding the transmembrane and intracellular domains of CD44 (CD44Tm) were amplified by RT -PCR from HL-60 cells as described above using the following primers (the restriction sites used are indicated in parentheses): TmCD44 forward (EcoRV) 5'-TCT GCA GAT ATC CCA GAA TGC CTG ATC ATC TTG GCA-3'; TmCD44 reverse (XhoI) 5'-CAC GAT CTC GAG CAC CCC AAT CTT CAT GTC CAC ATT-3'. The PCR product was digested with the restriction enzymes EcoRV and XhoI and inserted in the pcDNA6v5/His vector containing the MMP-9 gene and digested with the same enzymes. The cloning of human ICAM-1 cDNA was previously described (Makgoba et al., 1988) . A cDNA encoding soluble ICAM-1, composed of sequences encoding the extracellular domain of ICAM-1, was PCR-amplified and inserted into the pcDNA 3.1 V5/His (Invitrogen Corp) expression vector. Full length ICAM-1 cDNA was used as template along with the following oligonucleotide primers: ICAM-1sol forward (BamHI) 5'-CAG GAC GGA TCC ATG GCT CCC AGC AGC CCC CGG CCC-3'; ICAM-1sol Rev (EcoRV) 5'-CAC GAC GAT ATC CCG GGG GGA GAG CAC ATT CAC GGT-3'. The v5-tagged ICAM-1 was inserted into the same vector using the same template and forward primer and the following reverse primer (NotI) 5'-TAG ACT CGA GCG GCC GCC GGG AGG CGT GGC TTG TGT GTT-3'. Anti-sense ICAM-1 was cloned using the full length ICAM-1 as template and the following primers: ICAM AS forward (XbaI) CAC GAC TCT AGA ATG GCT CCC AGC AGC CCC CGG CCC-3'; ICAM AS reverse (HindIII) 5'-CAG GAC AAG CTT TCA GGG AGG CGT GGC TTG TGT GTT-3'. The P404E mutation in the ICAM-1 cDNA was generated by PCR using the following primers (the mutated codon is underlined): P404E forward: 5'-G GAC GAG AGG GAT TGT GAG GGA AAC TGG ACG TGG CCA GAA-3'; P 404 E reverse 5'-GG CCA CGT CCA GTT TCC CTC ACA ATC CCT CTC GTC CAG TCG-3'. The correct sequence and orientation of all the cloned genes was verified by direct sequencing. Development of fusion constructs composed of the extracellular domain of ICAM-1 or CD5 and the constant region of the human IgG1 (encoding ICAMRg and CD5Rg respectively) has been previously described (Aruffo et al., 1990) .
Transient and stable transfection
COS cells were transfected with the DEAE-dextran method as described ) and the supernatant or the cell lysate was used 72 h after the transfection. HL60 and MDA MB435 cells were transfected using Superfect (Qiagen, Valencia, CA, USA), according to the manufacturer's instruction and clones resistant to G418 1 mg/ml (Calbiochem) were selected. Culture supernatants and lysates of transfectants were tested by Western blot analysis for expression of the appropriate gene product. HL-60 cells transfected with anti-sense ICAM-I were selected by FACS analysis using an anti-ICAM-1 antibody conjugated with FITC (Pharmingen, San Diego, CA, USA).
Soluble ICAM-1 detection
Twenty ml of serum free supernatants of the cells cultured as indicated in the text were concentrated 100-fold using Centricon Plus-20 centrifugal filters (Millipore, Bedford, MA, USA), resuspended in non-reducing Laemmli sample buffer, resolved by 8% SDS -PAGE and transferred to a nitrocellulose membrane (Hybond ECL, Amersham Corp., Arlington Heights, IL, USA). The membranes were blotted with anti ICAM-1 (clone 15.2 Santa Cruz Biotechnology, Santa Cruz, CA, USA) or anti-V5 tag antibody (Invitrogen Corp).
Crude membrane preparation, gelatin zymography and Western blot analysis Cells were incubated in serum free medium as indicated in the text. After 18 h the supernatant was collected and the cells were resuspended in TRIS buffer 50 mM pH 7.5 containing NaCl 150 mM and a protease inhibitor cocktail that did not contain MMP inhibitors (Complete mini EDTA free tablets, Roche, Basel, Switzerland). The cells were homogenized in a Dounce homogenizer and centrifuged at 6300 g to remove nuclei and large cell debris. The supernatant was then centrifuged at 10 5 g for 1 h and the pellet was resuspended in 50 mM TRIS pH 8 containing NP-40 1%, NaCl 150 mM and the protease inhibitor cocktail and incubated on ice for 30 min. The samples were centrifuged again at 10 5 g for 1 h to remove the detergentinsoluble material and the supernatant was considered to represent the detergent soluble fraction of the crude membrane preparation. Gelatin zymography was performed as described previously (Herron et al., 1986) . Briefly, 50 ml of serum free cell culture supernatant or 50 mg of protein from the detergent soluble fraction of the crude membrane preparation were resuspended in non-reducing Laemmli sample buffer and resolved by 8% SDS -PAGE containing 1 mg/ml gelatin (Fisher, Columbia, MD, USA). Following electrophoresis, gels were washed with 2.5% Triton X-100 to remove SDS and incubated in substrate buffer (50 mM pH 8 TRIS buffer containing CaCl 2 5 mM) for 18 h at 378C. Gelatinase activity was visualized by staining the gels with 0.5% Comassie blue for 30 min followed by incubation in the destaining solution (methanol 30%, acetic acid 7%). For Western blot analysis, gels subjected to electrophoresis were transferred to a nitrocellulose membrane and incubated with anti MMP-9 Ab (Ab 3 Oncogene Research Product, Boston, MA, USA).
Immunoprecipitation HL-60 cells were cultured in serum free medium with or without PMA 100 nM for 18 h and lysed with NP-40 1% in TRIS 50 mM pH 7.4 containing NaCl 150 mM and the protease inhibitor cocktail (lysis buffer). The samples were pre-cleared using a mouse anti IgG1 (Sigma) and G protein beads (Amersham), incubated with anti ICAM-1 (Santa Cruz) or control mouse IgG1 (5 mg/mg of protein) for 18 h and with G protein beads (50 ml/sample) for 2 h and finally washed five times with the lysis buffer. All the procedures were performed at 48C. The samples were analysed by Western blot or gelatin zymography as described above.
Collagen IV degradation assay
In the collagen degradation assay, 10 ml 3 H-labeled type IV human collagen (N-[propionate-2,3-3 H];1.08 mCi/mg; Du Pont NEN, Boston, MA, USA), were diluted in 4 ml of sterile PBS; 50 ml of this solution (about 12 000 c.p.m.) were mixed with 210 ml of Matrigel (Becton Dickinson Labware, Franklin Lakes, NJ, USA) and used to coat 23 mm diameter cell culture inserts with 8 mm pores (Becton Dickinson Labware). The inserts were placed in 6-well plates (Becton Dickinson Labware). The lower chamber was filled with 500 ml of serum free RPMI containing the chemotactic factor macrophage inflammatory protein 1-a (MIP 1-a Sigma). In the upper chamber, 200 ml of the cell suspension (3610 5 cells/ml) in serum free medium were added with or without 100 nM PMA and MMP inhibitors as indicated in the text. After 24 h, 100 ml aliquots were removed from the upper chamber for assessment of radioactivity by liquid scintillation counting. Chambers with unstimulated cells and no cells provided the controls. All experiments were done in triplicate and are presented as the mean values+s.d.
In vitro cleavage of ICAM-1
Crude membrane fractions of COS cells transfected with V5-tagged ICAM-1 were incubated with purified, MMP-9 (Calbiochem) for 18 h at 378C. The samples were then centrifuged at 10 5 g for 1 h and the supernatant subjected to Western blot analysis using anti-ICAM-1 or anti-V5 tag antibodies. Prior to use the MMPs were activated with paminophenylmercuricacetate (APMA) according to the manufacturer's instructions and MMP activity was checked by zymography. In separate assays, COS cells were transfected with soluble v5-tagged ICAM-1, ICAM-1-Ig or CD5-Ig cDNAs. After 72 h, the serum free culture supernatants were collected, concentrated using Centricon Plus-20 centrifugal filters and incubated with purified, APMA activated, MMP-1, MMP-3 and MMP-9 for 18 h at 378C. The samples were then subjected to Western blot analysis using anti-ICAM-1 anti-V5 tag or anti human IgG antibodies.
Cytotoxicity assay and ICAM-Rg purification
Vector only-(wild type) and MMP-9-transfected MDA-MB435 breast cancer cells were trypsinized, resuspended at a density of 2610 5 cells/ml in DMEM containing 10% FBS and incubated for 2 h at 378C with 100 mCi/ml of Chromium-51 (1 mCi/ml DuPont NEN). The cells were washed three times with complete medium and 5610 4 cells/well were seeded onto 96 well plates. Labeled tumor cells were then incubated for 4 h at 378C with 100 mM phenatroline, 200 mM GM6001, 200 mM GM6001 Negative Control, 100 mM MMP2/MMP9 inhibitor III or incubated without any inhibitor. Treated cells were then washed twice with PBS and incubated with NK-92MI to produce the target effector ratio (T : E) of 1 : 40, together with the MMP inhibitors, while untreated cells were incubated with NK-92MI cells in the absence of any inhibitor. After a 4 h incubation, aliquots of 100 ml of supernatant were removed for liquid scintillation counting. The effect of soluble receptor globulins (Rg) was addressed in the following manner: COS cells were transfected with soluble ICAM-1-Ig or CD5-Ig cDNAs. After 96 h, the serum free culture supernatants were collected and passed through a 2 ml column of 50% protein A sepharose. After washing with 20 ml of PBS and 10 ml of water, the purified Rg proteins were released from the column with 25 mM HCl, neutralized with 1 M Tris pH 9.0 and concentrated using Centricon Plus-20 centrifugal filters. Ten mg/ml solutions of ICAM Rg or CD5 Rg were used in the cytotoxicity assay. Spontaneous release was measured by incubating the tumor cells in complete medium without NK cells and maximum release was determined by lysing the cells with 10% Triton X-100 in saline phosphate buffer (PBS). The percentage of specific lysis induced by the NK cells was calculated according to the following formula: % specific cytotoxicity=(d.p.m. experimental well -d.p.m. spontaneous release)/(d.p.m. maximum release -d.p.m. spontaneous release). All cytotoxicity assays were done in triplicate.
